The status of sperm DNA fragmentation, protamine deficiency, free thiols and disulphide bonds in colloid-selected samples and its relationship to ART outcome or HRG C633T SNP is not known. The objective of this study was to determine these relationships in spermatozoa from men with male factor or unknown factor infertility (n = 118) undergoing in vitro fertilisation (IVF) or intracytoplasmic sperm injection (ICSI). Sperm DNA integrity was analysed by flow cytometry using three fluorescent probes (acridine orange, monobromobimane and chromomycin A3). Principal component analysis (PCA) was used to identify the parameters that most influenced fertility. The relationships of sperm DNA integrity with seminal parameters, HRG C633T SNP and ART outcome were established using ANOVA and t-test. Sperm concentration and yield after preparation accounted for 27% of the total variance; sperm DNA integrity (%DFI and disulphide bonds) accounted for 16% of the variance in men from infertile couples. Sperm %DFI was significantly higher (P < 0.05) in older men than in younger men. A significant difference (P < 0.01) was observed in %DFI between smokers and non-smokers. Sperm %DFI was significantly higher (P < 0.01) in male factor infertility compared to either female factor or unknown factor infertility while free thiols were significantly higher (P < 0.01) in unknown infertility factor. No significant difference was observed between IVF success/failure in any of the seminal parameters studied. There was a tendency for protamine deficiency to be higher and disulphide concentration to be lower in men with HRG 633T. Such assessments may provide additional useful information about the prognosis for ART outcome, although more research is needed before clinical guidelines can be provided.
Introduction
Infertility is a common clinical problem affecting approximately 15% of couples around the world (de Kretser 1997 , Kamath & Bhattacharya 2012 . The male factor alone is responsible for approximately 26% of these cases (Brandes et al. 2010 ) and contributory in another 30-40% of infertile couples (Jarow et al. 2002) . As such, male factor, alone or in combination with female factor, accounts for more than 50% of cases of infertility (Esteves et al. 2012) . Although the incidence of male factor infertility is increasing, it continues to remain as one of the most perplexing disorders in the reproductive field and its aetiology remains elusive (O'Flynn O'Brien et al. 2010) .
Male infertility arises from a variety of problems including genetic disorders, hormonal disturbances, disorders in spermatogenesis, poor sperm quality, improper lifestyle habits and sperm DNA fragmentation (O'Flynn O'Brien et al. 2010 , Esteves et al. 2012 . It is estimated that more than 10% of spermatogenesis impairment is due to genetic defects (Ferlin & Foresta 2014 , Krausz et al. 2015 and there is a growing body of literature on the genetic reasons for male infertility. Interestingly, occasionally different genotypes appear to compensate for poorer sperm quality. Histidinerich glycoprotein (HRG) is an abundant plasma glycoprotein with a concentration of 100-150 µg/mL. Its levels increase throughout life (Drasin & Sahud 1996) . Oestrogen lowers its levels in women (Hennis et al. 1995) , although, to our knowledge, no studies have been done on HRG levels and male hormone levels. It is found in the testis, prostate and seminal vesicles and is also detected in the sperm proteome (Wang et al. 2013) . Because it is a multi-domain protein, HRG is involved in forming multi-protein complexes and thus functions as an adaptor molecule (Patel et al. 2013) . It is known to be involved in the regulation of angiogenesis, fibrinolysis and the immune system. HRG has been shown to enhance the clearance of apoptotic cells by acting as a bridge between naked DNA in these cells and other immunological cells and molecules (as reviewed in Blank & Shoenfeld 2008) .
The role of the HRG gene in human reproduction has been investigated recently. Although HRG C633T single nucleotide polymorphism (SNP) seems to be associated with fertility, its role in reproduction has not been studied extensively. The HRG C633 SNP, unique in humans (www.uniprot.org/uniprot/?query=histidine. rich+glycoprotein&sort=score), codes for a proline at position 204 (Jones et al. 2005) . The HRG 633T SNP codes for a serine, which allows for an additional glycolysation not found in the isoform with the proline at the same position. The roles of the HRG C633T SNP in fertility and pregnancy outcome in females have been reported (Nordqvist et al. 2011) although its role in male fertility has not been studied in detail. A recent report indicated that an SNP in the HRG gene in men was associated with IVF outcome in infertile couples; male homozygous HRG 633T SNP carriers had low sperm count, sperm concentration and motility (Lindgren et al. 2016) .
In the last few decades, there has been an increasing body of research investigating the role of sperm DNA integrity in male factor infertility (Schulte et al. 2010) . Growing evidence indicates that DNA damage is higher in spermatozoa of infertile men compared to that in fertile men and may have a negative effect on fertility of these patients (Evenson et al. 1999 , Zini et al. 2001a , Lewis 2013 ). Furthermore, the estimation of sperm DNA integrity may be helpful in unexplained infertility because significant DNA fragmentation can also be present in normozoospermic sub-fertile men (Erenpreiss et al. 2008 , Oleszczuk et al. 2011 . While tests of sperm DNA integrity appear to have a high predictive value for outcomes of in vivo fertilisation, the relationship with the outcome of IVF and ICSI is contradictory (Schulte et al. 2010) . Several researchers did not find a significant correlation between sperm DNA integrity and assisted reproduction technologies (ART) success (Morris et al. 2002 , Gandini et al. 2004 , Li et al. 2006 ) while others reported a significant reduction of pregnancy rates following IVF or ICSI among couples with high sperm DNA fragmentation (Larson et al. 2000 , Benchaib et al. 2003 , Virro et al. 2004 , Simon et al. 2010 . Evaluation of sperm DNA fragmentation is rarely incorporated in routine semen analysis in human fertility clinics (Lewis 2013 , Wright et al. 2014 . The current understanding of sperm DNA damage and its effects on reproductive outcomes is far from complete and requires further investigation.
Sperm DNA fragmentation can be evaluated by a variety of tests, including comet assay, sperm chromatin structure assay (SCSA), acridine orange test, the terminal deoxynucleotidyl transferase (TdT)mediated dUTP nick end labelling (TUNEL) technique (Evenson & Wixon 2005) or sperm chromatin dispersion test (Gosálvez et al. 2008) . The TUNEL and SCSA are the most commonly used. In the recent past, there have been several advances in the techniques for evaluating sperm chromatin quality and DNA fragmentation, which includes estimation of protamine deficiency, free thiols and disulphide bonds. Protamine is a nuclear protein responsible for packing sperm chromatin, and its deficiency in spermatozoa is believed to increase the sensitivity of DNA to fragmentation. Progressive oxidation of protaminefree sulphydryl or thiol (SH) groups to disulphides in the epididymis further stabilises the compacted sperm DNA (Zini et al. 2001b) . Earlier studies have shown an association between abnormal protamine deposition and infertility (Balhorn et al. 1988 , Belokopytova et al. 1993 , and sperm DNA integrity has also been shown to correlate with the level of free SH groups. However, the relationship among sperm DNA integrity, protamine deficiency, the level of free SH groups, conventional semen parameters and infertility has not been established.
The majority of the studies assessed sperm DNA fragmentation in unselected samples and related it with infertility or outcome of ART. However in ART, processed and selected spermatozoa are often used; density gradient centrifugation is one of the preferred techniques for sperm processing for ART. We hypothesised that assessment of the DNA integrity in selected spermatozoa rather than in unprocessed spermatozoa would be more logical to infer the ART outcome. What is not known however is the status of sperm DNA in density-gradientselected samples and how it is related to successful or unsuccessful ART outcomes. In the present retrospective study, we used flow-cytometry-based assessment of DNA fragmentation index (%DFI), protamine deficiency, free thiols and disulphide bonds in density gradientselected spermatozoa of men from infertile couples, and related them with conventional semen parameters, HRG C633T SNP and IVF/ICSI outcome. Moreover, some lifestyle-related factors were evaluated for their influence on sperm DNA integrity and other traditional semen quality parameters.
The specific aims of the present study were: (i) to assess the relationship of HRG C633T SNP with sperm DNA integrity and other conventional semen parameters; (ii) to compare the seminal parameters and sperm DNA fragmentation status among sperm samples from patients with male, female and unknown factor infertility; and (iii) to study the relationship of sperm DNA integrity with ART outcome.
Materials and methods

Ethics
The study was approved by the Regional Ethics Review Board in Stockholm (diary numbers: 2007 Stockholm (diary numbers: /3-31/3, 2008 Stockholm (diary numbers: /689-32 and 2010 . All couples met with a healthcare professional and received written and verbal information about the study and gave written informed consent. Participation was voluntary and did not affect treatment.
Study population
Heterosexual infertile couples visiting an IVF clinic (Fertilitetscentrum, Stockholm) constituted the study population. All couples had previously undergone assessment for cause of infertility. Infertile men were screened for drug and alcohol abuse, previous infections (in testis, epididymis and prostate), previous surgery (inguinal hernia, genital tract or urinary tract) and medical history. Patients with abuse were denied treatment. Semen analyses were routinely performed by embryologists and included the concentration and motility of spermatozoa. Normally, only one semen sample was analysed during a fertility investigation, but if the results appeared to be deviant the test was repeated. Men with sperm counts below the World Health Organization guideline levels (Tocci & Lucchini 2010) were classified as male factor infertility. Other causes were classified into either female factor or unknown depending upon the results of investigation.
In vitro fertilisation (IVF) was performed for 72 couples whereas intracytoplasmic sperm injection (ICSI) was carried out for 28 couples. The IVF treatment protocols at the Fertilitetscentrum Stockholm have previously been described in detail (Nordqvist et al. 2015) . ICSI was used if the number of prepared spermatozoa using PureSperm (Nidacon, Sweden) was ≤1 million or in cases with previous low fertilisation (<50%). Embryos were assessed according to standardised clinical morphological protocols (Alpha Scientists in Reproductive Medicine & ESHRE Special Interest Group of Embryology 2011), and transfer was not performed if there were signs of abnormal growth. The outcome of IVF or ICSI was determined by a pregnancy test on day 16 after the embryo transfer. An ultrasound was done in pregnancy weeks 6-8 and the couples subsequently reported live birth data.
Sperm samples and standard semen parameter measurements
Details of the men, such as age, medical and reproductive history, and lifestyle factors such as smoking or other forms of tobacco use (oral moist tobacco), were collected at the time of initial recruitment. Sperm samples were obtained from 119 infertile men after a recommended 2-5 days of sexual abstinence; only one ejaculate from each patient was obtained. Samples were allowed to liquefy for 30 min. Standard semen parameters (volume, concentration and motility) were measured according to the World Health Organization guidelines (Tocci & Lucchini 2010) . For ART, ejaculate volume, sperm concentration per millilitre, total sperm concentration, progressive motility and yield after preparation (using PureSperm (Nidacon International, Sweden), a sterile colloidal silica suspension in an isotonic salt solution) were recorded for each sample. An aliquot of density gradientselected spermatozoa from each sample was stored at −70°C for sperm DNA fragmentation analysis.
HRG C633T SNP analysis
A single venous blood sample was collected in EDTAcontaining tubes from each infertile man and centrifuged (1500 g for 10 min); the buffy coat was transferred to a new tube and stored at −70°C. Genomic DNA was extracted from the buffy coat using QIAamp DNA Blood Mini Kits (Qiagen). The samples were genotyped for the HRG C633T SNP (rs9898) using TaqMan SNP Genotyping Assay and run with StepOnePlus Real-Time PCR Systems (Life Technologies) as per the procedure described in the paper by Lindgren and coworkers (Lindgren et al. 2016) .
Flow cytometric analysis of sperm DNA integrity
Sperm DNA integrity was analysed by flow cytometry using three fluorescent probes (acridine orange, monobromobimane and chromomycin A3) described below.
Sperm chromatin structure assay
Susceptibility of sperm DNA to acid-induced denaturation, an indirect method to assess DNA strand breaks, was assessed using the acridine orange (AO) assay. This assay utilises the metachromatic nucleic acid-binding dye AO, which fluoresces red or green when bound to either denatured or condensed chromatin, respectively. The sperm chromatin structure assay (SCSA) was performed as per the method given by Evenson and Jost (2000) with modifications. Briefly, spermatozoa (2 million) stored in TNE buffer (1 mL) were thawed on ice. 100 µL sperm suspension was taken and 200 µL Triton X-100 (Sigma-Aldrich) detergent solution (0.08 M HCL, 0.1% Triton X-100; pH 1.2) was added. After incubation at room temperature for 30 s, the spermatozoa were stained with 600 µL of AO (Sigma-Aldrich) staining solution (200 mmol/L Na 2 HPO 4 , 0.1 mol/L citric acid buffer, pH 6.0, 1 mmol/L EDTA, 150 mmol/L NaCl and 6 µg/mL AO). Within 3-5 min after the addition of AO, the samples were analysed using a flow cytometer (FACSVerse, BD Biosciences). For each sample, a minimum of 10,000 events were analysed at a speed of 200 cells/s. Forward scatter (FSC), side scatter (SSC), green fluorescence (FL1) and red fluorescence (FL3) were collected after excitation with a blue laser (488 nm). The DNA fragmentation index (%DFI: ratio of the percentage of cells with denatured, single-stranded DNA to total cells acquired (both with stable double-stranded DNA and denatured single-stranded DNA)) was calculated for each sample using FCS Express version 5 (Denovo Software, Thornhill, ON, Canada).
Protamine deficiency assay
Sperm DNA compaction was assessed using chromomycin A3 (CMA3; Sigma-Aldrich), which competes with protamines for chromatin binding and provides an indirect measure of assessing protamines in spermatozoa, as per the method given by Zubkova and coworkers (Zubkova et al. 2005) with modifications. Frozen-thawed spermatozoa diluted in TNE buffer (2 million/mL) were washed with PBS by centrifugation (300 g; 10 min). To the washed spermatozoa, 100 µL CMA3 staining solution was added, prepared by dissolving CMA3 in McIlvaine's buffer (17 mL 0.1 mol/L citric acid mixed with 83 mL 0.2 mol/L Na 2 HPO 4 and 10 mmol/L MgCl 2 , pH 7.0) to a concentration of 0.25 mg/mL. The spermatozoa were incubated with CMA3 staining solution for 20 min in the dark. During this time, CMA3 bound to the protamine-deficient areas in the sperm DNA. Spermatozoa were then washed in PBS by centrifugation (300 g; 10 min) and diluted in 500 µL PBS, and 4 µL propidium iodide (Molecular Probes) was added before analysing in a flow cytometer (FACSVerse, BD Biosciences) equipped with a blue laser (488 nm). The sperm population was gated using FSC and SSC, with debris exclusion performed by gating on PI-positive events collected through a 586/42 bandpass filter. Then the fluorescence from CMA3 staining, excited by the 405 nm violet laser, was collected using a 528/45 bandpass filter and evaluated. Although this excitation wavelength is not at the excitation maximum (Tavalaee et al. 2010 , Fahti et al. 2011 , sufficient fluorescence was obtained for evaluation, as shown by the contour plot of PI fluorescence versus CMA3 fluorescence detected by flow cytometry ( Supplementary Fig. 1 , see section on supplementary data given at the end of this article).
Free thiols and disulphide concentration assay
The status of free thiols in spermatozoa was determined using monobromobimane (mBBr; Molecular Probes), a thiol-reactive fluorescent probe. mBBr gains fluorescence as it reacts with thiols and shows a blue fluorescence only after the formation of thioether. Free thiols and disulphide concentrations were assessed as per the procedure given by Seligman and coworkers (Seligman et al. 1994) and Zubkova and coworkers (Zubkova et al. 2005) with minor modifications. Spermatozoa diluted in TNE buffer (2 million/ mL) were divided into two parts of 1 million spermatozoa. Spermatozoa in one tube were incubated (37°C for 10 min) with 1 mmol/L of 1,4-dithiothreitol (DTT) to reduce disulphides to free thiols, while DTT was not added to the other tube. After centrifugation (300 g; 10 min), 100 µL mBBr solution (final concentration 0.5 mmol) was added to the sperm pellet and the sample was incubated in the dark for 10 min. During this time, mBBr reacted and bound to free thiols. Spermatozoa were then washed in PBS by centrifugation (300 g; 10 min) and analysed in a flow cytometer (FACSVerse, BD Biosciences) after excitation of mBBr by the 405 nm violet laser. Fluorescence of mBBr was collected using a 528/45 bandpass filter, the sperm population was gated using FSC and SSC, and at least 10,000 sperm events were evaluated. A histogram of mBBr fluorescence detected by flow cytometry is given as Supplementary Fig. 2 . Disulphide concentrations were calculated by subtracting free thiols (mBBr fluorescence in non-DTT-treated sample) from total thiols (mBBr fluorescence in DTT-treated sample) for the corresponding sample and then dividing the value by two.
Statistical analysis
All statistical analyses were performed using IBM SPSS statistical software V 20.0 (IBM). First, the data distribution was analysed for normality using the Shapiro-Wilks test; the motility and %DFI were arcsine transformed. The protamine deficiency, free thiols and disulphide values were subjected to log (log 10) transformation before analysis to reduce the effect of outliers and to scale the variables.
The semen quality parameters were subjected to PCA to group the parameters with similar trends (Agarwal et al. 2003) . All semen quality parameters were sorted into four components and the data matrix obtained was rotated using the Varimax procedure with the Kaiser normalisation to identify the highest positive correlation. Variables with a positive and high loading factor were identified. After PCA, the effects of smoking and male factor on semen parameters were analysed using independent sample t-test. The differences in the semen quality parameters in different age groups, infertility factors (male, female and unknown), and HRG C633T SNP were analysed using one-way ANOVA. Relationships among different semen parameters were analysed using Pearson correlation analysis. A P value of ≤0.05 was considered to be statistically significant. Results are shown as mean ± s.e.m.
Results
The PCA from the seminal parameters showed that four extracted components accounted for 67% of the total variance (Table 1 ). The first principal component was related to traditional semen quality assessment parameters (sperm concentration/mL, total sperm concentration and yield after preparation). The second component was related to sperm DNA integrity (%DFI and disulphide) and this parameter accounted for 16% of the variance. The third component was related to The loading factor represents the highest association between a given seminal parameter and the corresponding principal component.
the ejaculate volume, while the fourth component was related again to sperm DNA integrity (free thiols) and progressive motility of spermatozoa.
Influence of age on seminal parameters
As per the age, men were grouped into three categories based on mean and s.d. Men with age more than mean + 1 s.d. were classified into the higher age group, while men with age less than mean − 1 s.d. were classified into the lower age group; the rest (mean ± 1 s.d.) were classified in the medium age group. Sperm concentration (million/mL) was significantly (P < 0.05) higher in men in the higher age groups compared to that in the lower age group (Table 2) . Similarly, the number of spermatozoa obtained after density gradient centrifugation was also significantly higher in men in higher age group compared to that in lower age group. In contrast, sperm %DFI was significantly (P < 0.05) lower in the comparatively younger age group than that in the higher age group. Other parameters did not differ among men in the three age groups.
Influence of tobacco usage on seminal parameters
The influence of using tobacco on seminal parameters among men from infertile couples is given in Table 3 . All the men in the smoking group used more than 20 cigarettes per day; however the data on smoking years was not available for calculation of a smoking index. Although the sample size was smaller in the smokers category, we observed a clear and significant (P < 0.01) difference in terms of sperm %DFI between smokers and non-smokers. In contrast, the concentration of disulphide was significantly (P < 0.01) higher in smokers compared to non-smokers. Protamine deficiency and free thiols did not differ between the groups. Again, a significant difference was observed in sperm concentration, total sperm and yield after density gradient centrifugation, with significantly (P < 0.05) higher values among nonsmokers compared to smokers. Unlike smoking, using oral tobacco did not affect the seminal parameters significantly except for free thiols, which were significantly (P < 0.05) higher in those using oral tobacco compared to non-users.
Seminal parameters among male, female and unknown factors of infertility
The differences in the seminal profile of the three categories: male, female and unknown infertility factors are given in Table 4 . The total sperm concentration was significantly (P < 0.05) lower in male infertility factor compared to that in unknown infertility factors. Sperm %DFI was significantly (P < 0.01) higher in male infertility factor compared to both female and unknown infertility factors. Free thiols were significantly (P < 0.01) higher in spermatozoa of couples with unknown Means with different superscripts in a row within smokers and within oral differ significantly (P < 0.05). %DFI, DNA fragmentation index; mFI, mean fluorescence intensity. infertility factor. Other parameters did not differ in men among the three groups.
To understand the seminal parameters associated with each factor, PCA with groups was used. The data were grouped into male factor, female factor and unknown factor, and their distribution and tendency towards or away from specific sperm parameters were assessed. The relationship between the two principal components (principal component 1 along the X-axis and principal component 2 along the Y-axis), the sperm parameters and the fertility factors is shown in Fig. 1 . The groups with male, female or unknown infertility factors are indicated as red, blue and green ellipses. The size of each ellipse corresponds to the size (number of cases) of each corresponding group. The loading factors for each parameter in each respective principal component are shown in Table 1 . The loading factors indicate the correlation coefficients between the variables and factors. It is the % of variance in that variable explained by the factor. This schematic representation (Fig. 1) shows the parameters defining each factor, distribution of the individual samples among the three factors of infertility and the predominant factor influencing the samples. There was a tendency for samples from men with male factor infertility to show lower sperm concentration and more DNA damage than samples from other males.
Seminal parameters and ART outcome
The seminal profile related to successful or unsuccessful outcomes (pregnancy confirmation) from ART (IVF and ICSI) is given in Table 5 . No significant difference was observed between IVF success and IVF failure cases in any of the seminal parameters studied. Similarly, there was no significant difference in seminal parameters between ICSI success and ICSI failure cases. However, when the seminal parameters of men in IVF and ICSI group were compared, the men in IVF group had significantly (P < 0.05) higher sperm concentration, yield after preparation and significantly (P < 0.05) lower sperm %DFI compared to the men in the ICSI group.
Seminal parameters according to HRG C633T SNP
The seminal parameters in men with HRG C633T SNP are given in Table 6 . Although not enough to be statistically significant, the sperm concentration was lower in men with HRG 633T. Similarly, protamine deficiency was higher and disulphide concentration was lower in men with HRG 633T.
Relationship among different seminal parameters in infertile men
Having studied the influence of different factors on the seminal profile, we estimated the relationship among different seminal parameters using correlation analysis; the results are presented in Table 7 . Total sperm concentration was significantly positively correlated with ejaculate volume and sperm concentration. Progressive motility was significantly positively correlated with sperm concentration and total sperm count. Yield after density gradient centrifugation was significantly positively correlated with age, sperm concentration, total sperm count and progressive motility. Disulphide concentration was significantly negatively correlated with sperm concentration per millilitre and free thiols. Means with different superscripts in a row differ significantly (P < 0.05). %DFI, DNA fragmentation index; mFI, mean fluorescence intensity. The %DFI was negatively correlated with free thiols in spermatozoa.
Discussion
While the incidence of infertility is increasing, with 4% more couples seeking ART per year, the improvement in ART outcome has been only marginal in spite of the efforts over a period of three decades (De Mouzon et al. 2010) . One major reason for obtaining less than the anticipated success rates in ART is poor understanding of the causes of male infertility (Lewis 2013) . In spite of the fact that DNA fragmentation is an important factor in male infertility, it is still under-evaluated and its inclusion in routine semen analysis is debated (Lewis 2013 , Wright et al. 2014 ). In the present study, we analysed different seminal parameters in men from infertile couples and used PCA to identify the most relevant parameters that influence the fertility factor. We evaluated sperm DNA integrity using three fluorescent probes and established the relationship of sperm DNA integrity with seminal parameters, HRG C633T SNP and ART outcome.
In the present study, among the different factors of infertility, 16% of cases were attributed to male factor, 23.5% to female factor and the remainder to unknown factors. It was interesting to observe significantly higher %DFI in male factor infertility, indicating that sperm DNA integrity was compromised in these cases. Earlier studies have also reported significantly higher sperm DNA damage in male factor infertility compared to normal men (Høst et al. 2000 , Saleh et al. 2002 , Aydos et al. 2015 , highlighting the significance of sperm DNA integrity as an important factor in male fertility. Another interesting finding was that the concentration of free thiols, an indicator of less highly condensed chromatin, was significantly higher in the unknown factor infertility group compared to the male factor infertility group. It has been reported that approximately 15% of infertile men have a normal spermiogram (Guzick et al. 1998) ; our results indicate that estimation of DNA integrity in these cases may help in identifying male infertility, which otherwise may not be possible with routine semen evaluation. Conventional semen analysis focuses on sperm concentration, viability, motility and morphology, and is a poor indicator of reproductive potential and pregnancy outcome (Shamsi et al. 2011) . The PCA also supports our assumptions because 27% of the variations in the data were explained by the three parameters that assess sperm DNA integrity (%DFI, free thiols and disulphide). Furthermore, the samples score figure of PCA and cluster analysis indicates that the male factor samples tend to aggregate towards the factors related to sperm DNA. Collectively, our findings indicate that although conventional semen evaluation parameters accounted for higher variability (27%) in PCA, the three factors related to sperm DNA also accounted equally (27%) to the variability, indicating that the assessment of sperm DNA may provide additional information about male infertility, especially in those with a normal spermiogram.
The assessment of sperm DNA damage in patients opting for ART is important because these techniques However, a large genetic insult is believed to cause a severe disruption during embryonic development leading to loss of the embryo and failure of pregnancy (Collins & Jones 2016) .
Although the importance of intact sperm DNA is well recognised, sperm DNA integrity as a tool for predicting ART outcome has been the subject of debate. As indicated earlier, while some reports indicate no significant correlation between sperm DNA integrity and ART success (Morris et al. 2002 , Gandini et al. 2004 , Li et al. 2006 , others report a significant reduction of pregnancy rates following ART among couples with high sperm DNA fragmentation (Larson et al. 2000 , Benchaib et al. 2003 , Virro et al. 2004 , Simon et al. 2010 ).
In the present study, we did not observe a significant relationship between sperm DNA integrity and ART outcome, probably because the sperm samples had already been selected for intact DNA using the density gradient. Generally, a threshold value of 20% sperm DNA fragmentation with TUNEL assay has been suggested to distinguish between fertile controls and infertile men (Sergerie et al. 2005) , and DNA fragmentation beyond this threshold level has been shown to negatively affect the ART outcome. In a recent report, it was shown that 80% of couples diagnosed with idiopathic infertility had sperm DNA damage and 40% of these couples had very high sperm DNA damage (>50%); the success of IVF was considerably lower for these couples (Lewis 2013) . With the gradient-selected sperm samples in our study, the sperm DNA fragmentation was far lower than the threshold level, which might be the reason for not observing significant differences in %DFI between IVF/ICSI success and failure outcomes. It would have been interesting to analyse the raw semen as well as the gradient-selected samples, but such samples were not available for us. Furthermore, the comparatively small sample size in the present study might also account for less variation in the semen parameters between ART success and failure outcomes.
The samples in the present study were not cryopreserved in what would normally be considered an optimal manner for preserving sperm function i.e. they were not frozen in the presence of cryoprotectant. At the time of sampling, the possibility of measuring DNA integrity had not been considered. However, earlier studies conducted on quantification of DNA damage in human spermatozoa also employed samples that were frozen without cryoprotectant. Sperm DNA quality (damage) was not altered by the process of freezing (Isachenko et al. 2004 , Gianaroli et al. 2012 . Based on these findings we do not consider that the method of preserving the samples would have affected the results, especially since all comparisons are made with samples treated in the same manner. Except for the sperm concentration, no seminal parameters assessed in the present study had a significant relationship with sperm DNA integrity. However, the three methods used for the assessment of sperm DNA integrity were correlated with each other. Free thiol was negatively related to disulphide and %DFI. Protamine deficiency did not show a significant correlation with any of the other parameters studied. Earlier studies performed to investigate the relationship between sperm DNA damage and conventional seminal parameters indicated an inverse correlation of DNA damage with sperm count, motility and morphology (Irvine et al. 2000 , Evgeni et al. 2015 . Several studies indicated that sperm from patients with abnormal sperm concentration, motility and morphology had high sperm DNA damage. A majority of these studies compared these parameters between fertile and infertile males and estimated the relationship. In the present study, we studied the relationship of these tests only in men from couples attending the fertility clinic. Furthermore, standard seminal parameters such as sperm concentration, motility and morphology can be highly variable over time within individuals (Alvarez et al. 2003) , while measures of sperm DNA damage were shown to have good stability over time within individuals (Sergerie et al. 2005 ). In the present study, we used only one ejaculate per male and the possible implication of within-individual variations in seminal parameters on the relationship with sperm DNA cannot be ruled out. Nevertheless, our findings indicate that free thiol, disulphide and %DFI had significant correlations and contribute to the sperm DNA integrity.
Although the cause of sperm DNA fragmentation is still unclear, it is widely accepted that sperm quality and infertility are associated with chromatin remodelling defects and oxidative stress. It is estimated that more than 10% of spermatogenesis impairment is due to genetic defects (Ferlin & Foresta 2014 , Krausz et al. 2015 and there is a growing literature on the genetic reasons for male infertility. It is likely that a considerable proportion of men among the infertile couples with no apparent male factor or female factor infertility might be affected with genomic male factor infertility including sperm DNA damage. Several studies indicated the involvement of genetic polymorphisms in specific genes in the aetiology of male infertility (Iguchi et al. 2006 , Ji et al. 2012 , Jiang et al. 2015 .
Recently it has been reported that male homozygous HRG 633T SNP carriers had low sperm count, sperm concentration and motility (Lindgren et al. 2016 ). In the present study, we investigated the effect of HRG C633T SNP on sperm DNA integrity. We could not find any significant relationship between HRG C633T SNP and sperm DNA integrity; however, protamine deficiency was higher and disulphide concentration was lower in men with HRG 633T. Other factors such as age and use of tobacco were also studied in relation to sperm DNA integrity. Our findings indicated an inverse relationship with age and sperm %DFI. Older men had significantly higher sperm %DFI compared to younger men, which is in agreement with other reports. Older men had increased sperm DNA damage (Schmid et al. 2007 ), whereas Singh and coworkers (Singh et al. 2003) observed that the percentage of highly damaged DNA sperm in the age group 36-57 years was significantly higher compared to the age group 20-35 years. Increasing paternal age has been shown to have negative effects on sperm quality, testicular function, epigenetic changes and DNA mutations leading to high levels of DNA fragmentation (Sharma et al. 2015) . Although the sample size is small, we observed that smoking had a significant effect on sperm DNA fragmentation. It has been suggested that cigarette smoking negatively affects the reproductive process in males and spermatozoa from smokers have reduced fertilizing capacity (Ramlau Hansen et al. 2008 ). An increased proportion of spermatozoa with fragmented DNA in smokers compared with non-smokers have been reported by several researchers. Tobacco smoking induces double-stranded DNA breaks in sperm DNA in vitro (Arabi 2004) . Interestingly, we observed that using oral tobacco had a positive and significant relationship with free thiols. Although available data do not conclusively demonstrate that smoking decreases male fertility, it is regarded as an infertility risk factor with altered semen qualities (Vine 1996 , Mostafa 2010 ; our results suggest a negative effect of smoking on sperm DNA integrity.
Conclusion
Taken together, our findings indicate that density gradient-selected sperm samples still contained varying proportions of spermatozoa with DNA damage. Among the men from infertile couples, conventional semen analysis accounted for 27% of the variation in the population, whereas sperm DNA integrity also accounted for a similar proportion of the variation. Men classified as having unknown infertility based on the conventional semen analysis had higher sperm DNA damage than men from the female infertility factor category. Age and use of tobacco had a negative effect, while HRG C633T SNP had no significant effect on sperm DNA integrity, although tendencies indicate a need for larger studies. Male factor infertility is associated with parameters that indicate sperm DNA damage; thus the assessment of sperm DNA damage in addition to the conventional semen analysis may provide additional useful information about the type of male infertility especially in patients with a normal spermiogram. Future studies comparing the sperm DNA integrity in density gradient-selected and unselected spermatozoa from same subjects are needed to fully understand the role of sperm DNA integrity in male infertility and ART outcome.
